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Abstract 
Process optimization is an important area requiring further research in the field of rapid 
prototyping and manufacturing. Current research efforts are focused on enhancing metallic powder 
bed additive manufacturing processes such as Laser Melting and Electron Beam Melting (EBM). 
Optimizing this class of manufacturing processes can lead to revolutionary changes in part quality and 
repeatability. Modeling and simulation can be used as a facilitating tool to predict the behavior of 
materials and processes and alleviate the need for extensive random experiments. This paper presents 
finite element simulation of thermal modeling thermal modeling of laser melting process to determine 
the melt pool geometry and temperature distribution in powder bed.   This model was used to compare 
these characteristics between commonly used powder materials to include Ti6Al4V, Stainless Steel 
316L, and 7075 Aluminum powders. Initially, a common set of parameters were used for all materials 
and it was found that melt pool could not be sustained in aluminum and steel and only titanium 
process resulted deep and complete melting and solidification. Optimized process parameter sets are 
suggested to develop consistent melt pools throughout the build process for aluminum and steel. It was 
discovered that steel powder beds require higher beam power than titanium powder beds to establish a 
consistent melt pool.  Aluminum powder beds need higher beam power than both titanium and steel 
powder beds and also require a reduced scan speed to maintain a consistent melt pool.  
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1 Introduction 
Powder bed technology has been around for several decades. It began with sintering, a method, 
which can be divided in three groups of processes: solid state sintering, liquid state sintering and 
partial melting. These techniques have all been referred to as sintering, although the mechanism of 
each is slightly different.  Solid state sintering is a process in which particles are combined by atomic 
diffusion between particles (Kruth et al. 2007). This requires a lower heating value than the other 
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consolidation phenomena but a longer application time. The particles do not melt, but time dependent 
fusion occurs forming small necks between adjacent particles. This process would require several 
hours of laser heating time in order to fully melt the particles and is therefore not commonly used 
(Gusarov et al. 2003). Liquid state sintering typically occurs in powder beds consisting of multiple 
powder materials.  One material acts as a binder while the other acts as the structural material of the 
part.  The binder melts under heat application and is forced into the voids of the structural powder by 
intense capillary action Due to the short time of this process, further densification cannot occur once 
the molten binder material flows between the un-melted particles as the system immediately begins to 
cool down (Wang et al. 2002).The mechanical properties of the final part are controlled by the 
structural material and the binder can either be left in the part or removed to vary the porosity of the 
final part (Kruth et al. 2007). While better than solid state sintering, liquid state will still create voids 
and  porosity due to a high rate of repulsion between particles at high fractions of the binding 
component (Gusarov et al. 2003). Partial melting processes typically occur in single material or alloy 
powder beds and may contain melting temperature reducing compounds.  In this process, the smaller 
particles in the bed melt more quickly than the larger particles and are forced into voids between the 
larger particles by capillary action.  This creates a more uniform and dense part than liquid state 
sintering, though it is still not fully dense under this consolidation phenomenon.  The part therefore 
retains the thermophysical and mechanical properties of the powder rather than taking on those of the 
solid material. In order to improve the mechanical properties, it is necessary to perform post-
processing heat treatments in one of two ways; heating the entire part to complete liquid state sintering 
or infusing the part with low melting point metal (Wang et al. 2002). An issue surrounding these 
methods requires interconnected voids in the part which will either allow for the evacuation of air or 
the infusion of liquid metal. If the part is melted completely, these channels will be cut off and 
treatment of remaining porosity will not be possible (Kruth et al. 1996).      In contrast, during full 
melting processes, the heated area is melted entirely and solidifies to form a fully dense part.  This 
means that the final part has all of the characteristics and properties of the solid material and typically 
performs better than parts with higher porosity, as are characteristic of parts built using other 
consolidation phenomena (Kruth et al. 2007). 
The various consolidation phenomena present in powder bed additive processes are a result of 
many complex physical phenomena present.  In considering powder bed additive manufacturing, heat 
and mass transfer on both macro and microscopic scales are of major concern.  Figure 1 depicts the 
macroscopic and microscopic heat transfer mechanisms present in powder bed processes. 
  
Figure 1: Macro-scale and micro-scale heat transfer model and heat source orientation 
Shen and Chou (2012) determined through thermal modeling of the Election Beam Melting (EBM) 
process that heat transfer favors moving through solidified regions of the build material over loose 
powder regions.  The same principle can be applied to modeling the laser melting process.  This 
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phenomenon is due to the powder’s lower effective thermal conductivity compared to its solid material 
counterpart.  The build plate is typically constructed of a highly thermally conductive material, and is 
adequately large, to act as a heat sink facilitating quick solidification of molten powder.  
Due to the complexity of thermal transport within the powder bed, an effective thermal 
conductivity was introduced (Tolochko et al. 2003). The effective conductivity is a metric to model 
conduction, convection, and radiation between particles in the powder bed. The effective conductivity 
is given by Equations 1-3 below.   
Equation 1   Equation 2     Equation 3 
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In Equation 1, keff is the effective thermal conductivity, kr is the conductivity from inter-particle 
radiation, kcond is the conductivity from inter-particle conductivity, and kconv is the conductivity from 
convection between particles.  The convective term, kconv, is assumed to be negligible.  In Equation 2, l 
represents the mean free path of photons emitted from the powder particles, σ is the Stefan-Boltzmann 
constant, and T is the temperature measured in Kelvin.  In Equation 3, Λ is the normalized contact 
conductivity which is a function of packing structure, kbulk is the conductivity of the bulk material, and 
x is the ratio of particle contact radius to particle radius.  The transport methods included here are 
outlined in Figure 1. 
Conduction in powder is less efficient than in a continuous solid part since conductive transfer can 
only take place where particles are in physical contact with one another.  In the powder bed there are 
more voids existing between individual particles than exist in a larger solid. Radiation and convection, 
depending on the process used, are also modes of heat transfer at the macro-scale within the build 
chamber.  Selective Laser Sintering (SLS), Selective Laser Melting (SLM), and DMLS processes 
operate under inert atmospheres and allow convective cooling of the surface of the build (EOS Gmbh).  
EBM operates under a high vacuum and therefore cannot sustain convection within the build chamber 
(Arcam).  Both processes do contain radiation both between individual particles in the powder bed and 
from the build surface to the inner surfaces of the build chamber.  Modeling done by Shen and Chou 
(2012) in EBM and Roberts et al. (2009) in DMLS however suggest that radiative and convective 
transport mechanisms are insignificant compared to conduction. 
2 Modeling Setup 
A variety of studies have attempted to model the thermal transport phenomena present in metallic 
powder bed processes (Arce 2012; Kolossov et al. 2004; Dong et al. 2009; Song et al. 2011; Roberts et 
al. 2009; Shen & Chou 2012; Dai & Shaw 2004).  These models can be quite complex having to 
consider moving heat sources, phase change, and various mass and heat transfer phenomena. Roberts 
et al. (2009) created a model for heat flow in laser processes. In this model, the laser was modeled as a 
moving source heat generation with a Gaussian distributed, radially decaying, intensity in build plane 
and linearly decaying intensity along the depth of the part. In addition, the Roberts model incorporates 
element birth and death to allow for the “creation” of new layers of powder throughout the transient 
analysis, modeling multiple layers of the DMLS process.  Using this technique, it was shown that heat 
dissipates throughout the part at a much faster rate than recoating, or the addition of new layers of 
powder, occurs. Residual stress concerns in the final part arise because of this rapid thermal cycling.  
Roberts assumed that convective and radiation terms could be neglected in the model because the bulk 
of heat transfer is done by conduction through the powder and solidified titanium into the build plate.  
The simulations suggest that layers applied later reach higher maximum temperatures because the 
conductivity of the titanium is less than the conductivity of the steel base plate meaning heat cannot 
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flow through the part as quickly.  As the simulation progressed layer-wise, Roberts also observed the 
steady state temperature minutely, but consistently, increased after the application of each layer.   Shen 
and Chou (2012) created a model to simulate the electron beam melting (EBM) process.  Similarly, 
they also chose to model their electron beam as a moving source heat generation with a Gaussian 
distribution.  This model was used to investigate how temperature gradients and heating/cooling rates 
change when a variety of build parameters are adjusted, to include powder level porosity, powder 
versus solid substrate, and electron beam diameter.  Previous studies have concluded that thermal 
conductivity (Roberts et al. 2009; Kolossov et al. 2004) and emissivity (Sih & Barlow 2004) vary 
greatly between solid and powder and cause different thermal resistances between solid layers of 
material and powder layers. These properties are dependent on the porosity of the powder, and also the 
environment the process is performed in.  As porosity increases, the effective conductivity of the 
powder bed decreases and the emissivity of the powder bed increases.  Conductivity (Roberts et al. 
2009; Kolossov et al. 2004) studies were conducted assuming an inert gas build atmosphere.  This 
assumption applies for modeling the DMLS process, but does not hold for EBM. Modeling their 
process within a vacuum, Shen and Chou (2012) determined that as porosity in the powder bed 
decreases, so does the maximum temperature and breadth of the melt pool.  This is due to the lower 
thermal resistances seen in the solid material than in the powder. This relationship is the result of 
voids existing between individual particles and not transferring heat as well as the solid titanium does 
through conduction.  As porosity increases, the melt pool diameter and maximum temperature also 
increase while the heating/cooling rates decrease because of the heat trapped by the poorly conducting 
powder. Keeping power constant, as the beam diameter increases, the energy density of the beam 
decreases and causes the maximum temperature and melt pool diameter to also decrease.  The use of 
powder as the substrate, as is done when supporting overhanging geometry, increases the depth of 
melting since heat is not as easily dissipated throughout the lower layers.   
Dai and Shaw (2004) presented a FEA modeling laser densification of metal and ceramic powders 
for dental implant manufacture.  While this study was effective in discussing how different materials 
interact with a laser heat source some assumptions are out of date.  For instance, the heat source in this 
model is applied as an area of constant temperature applied to the top of the model.  This is a very 
limiting assumption and does not adequately represent the heat transfer from heat source to powder 
bed. Additionally, the beam is modeled as a square shape rather than accurately representing the 
circular profile of the beam. Both of these assumptions limit the validity of the results obtained. 
Dong et al (2009)  also created a transient FEA model using a Gaussian distributed moving heat 
source.  In this study, the authors discussed numerically determining material properties such as 
density, conductivity, etc., during each step of the solution.  Since the model being constructed for this 
study is done in ANSYS, a program which automatically interpolates the material properties at each 
step in a transient analysis, this should not be of concern.  Dong allowed for convection and radiation 
at the top powder surface and assumed the bottom of the powder bed to be adiabatic.  The adiabatic 
boundary condition at the bottom of the powder bed does not apply in DMLS and EBM processes 
because heat transfer into the build plate is essential in accurately modeling the process. Using the 
work of (Roberts et al. 2009; Dong et al. 2009; Shen & Chou 2012) as a guide, the heat generation 
function labeled Equation 4 was developed. 
Equation 4 
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Equation 4 makes use of the following parameters; α: thermal absorptivity, ሶܹ : beam power, Φ: 
effective beam diameter, and h: beam penetration depth. xc and yc describe the center of the beam.  
This study moves beyond existing literature by considering the effect of changing powder material 
on thermal transport and melt pool formation in addition to adjusting process parameters. With a 
greater understanding of how thermal transport changes from material to material; process parameters 
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can best be adapted to each material.  This will make powder bed processes a more powerful 
manufacturing tool and give more freedom to designers when selecting materials. 
ANSYS Mechanical APDL has been used to conduct the FE analyses presented in this research.  
Building on the work of previous researchers, the model presented in this study makes use of a 
Gaussian distributed moving heat source that decays linearly with depth. The geometry of the heat 
source is outlined in Figure 2.  This figure shows that as the beam penetrates farther into the depth of 
the build volume, its circle of influence decreases in diameter. Any powder outside the cone does not 
receive heat from the beam within the model.  At each simulation time step the center of the top circle 
of the cone moves a predetermined distance along the x direction of the model as shown in Figure 2.  
In each cross-section of the cone at constant depth, the heat intensity decreases radially outward from 
the center.  This decay is Gaussian in nature.  The build volume is modeled as a rectangular block 
consisting of a top layer of powder material, followed by a layer of solid material, and an AISI 4130 
steel build plate.  The dimensions of each of these layers are shown in Table 1 below. The solidus and 
liquidus temperatures of the three materials considered here are listed in Table 2. 
 
          Table 1: Model dimensions                       Table 2: Material solidus and liquidus temperatures 
Figure 2 shows the coordinate system set up for the model, along with the laser line of action.  The 
xy plane represents the build plane and the z axis is orientated opposite the depth of build volume.  In 
each trial executed, the laser scans from left to right along the top of the front face of the block. The 
top face of the block represents the depth of the powder bed with the foreground being the top of the 
powder layer and the background being the bottom of the build plate.  The peach colored arrow shows 
the direction the laser beam acts on the block.  The beam scans along the top of the block in the 
positive x direction.  
  
      Figure 2: Volume and intensity of heat generation             Figure 3: Block orientation and laser interaction with block 
 
Symmetry about the laser line of action is utilized to reduce the computation time by modeling 
only half of the model.  This can be done by considering the top of the block to be adiabatic. The 
model considers radiation at the top surface of the powder layer to the build atmosphere.  Conductive 
cooling at the top of the powder layer is neglected because the majority of heat is transferred by 
conduction from the powder into the solid and the build plate layers (Shen & Chou 2012).  The 
remaining side faces, representing the sides of the build volume, along with the back face, representing 
the bottom of the build plate, are also considered adiabatic.  
Phase change within the model is considered by creating separate material models within ANSYS 
for each phase present in the model.  The model focuses on two phase changes predominantly, the 
powder melting and the solidification of molten powder to a fully dense solid material.  The melting 
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phase change is performed by determining at the end of each simulation time step what elements are 
currently identified as powder and have reached the liquidus temperature of the material.  These 
elements are then reassigned a molten material id and take on the properties of the liquid material.  
The latent heat of fusion of the material is built into the enthalpy model of the liquid material.  After 
checking the molten conditions, a second check is performed to determine what elements are currently 
identified as liquid and have cooled to below the solidus temperature.  These elements are reassigned a 
solid material id.  
The element utilized in this simulation is Solid278 which has a 3D thermal conduction capability 
with 8 nodes and a single degree of freedom, temperature, at each node. As ANSYS is solving 
Fourier’s law, a first-order heat conduction equation, the elements are C0 continuous and this 
formulation is already built in.  
The model has been meshed by splitting the part into two volumes. The top two layers, powder 
layer and top solid layer, are meshed finely (approximately 15,870 elements/mm3) in order for the 
nodes to capture the correct temperature behavior, while the two bottom layers, consisting of solid 
layer and solid base plate, have been meshed more coarsely (approximately 1,728 elements/mm3). As 
the electron beam penetrates deeper into the part and heat transfer occurs between the powders to the 
solid and through to the base plate; the thermal gradients in the lower portions of the volume are not as 
important.  
The model is limited by the computational capabilities available.  Due to the fine mesh density 
required for model convergence only a small section of build volume time and space can be explored. 
If resources allowed for inclusion of extra time after laser scanning has finished thermal transport 
during bed recoating could be better understood.  The total simulation time of 1.25 ms may not allow 
for thermal gradients to fully develop as well.  To further simplify the model, a layer of full density 
solid material is included under the powder layer.  This simplification does not take the thermal 
history of the powder bed into account and does not accurately represent the temperature distribution 
throughout the model. The accuracy of the model would be enhanced by simulating scanning of many 
layers with just the base plate below the powder.  This requires prohibitively large computation 
resources however.  The model also is limited in the scan geometry it can handle.  Currently only 
single line scanning can be explored.   
An additional limitation exists in modeling the beam penetration which is a function of laser 
properties, powder bed distribution, and material.  For simplicity, and to reduce unnecessary variation 
from trial to trial, the model assumes a uniform packing distribution, through the porosity value, in 
each trail performed.  There is not a consensus within the literature how to properly model beam 
penetration into the powder bed, so a constant penetration value was adopted to determine the effect, 
through material property differences, of changing between materials in laser based additive processes.   
3 Material Properties 
The figures shown in this section outline the thermophysical properties used in this study.  All 
properties input into ANSYS are considered dependent on temperature only.  Thermal conductivity 
data in solid Ti6Al4V, Stainless Steel (SS) 316L, and Al7075 was published by Touloukian et al. 
(1970), Mills (2002) and Miettinen (1997) as seen in Figure 4. Thermal conductivity information for 
liquid Ti6Al4V was provided by Boivineau (2006). Liquid conductivity properties for SS316L and 
Al7075 were found in Mills (2002). Tolochko (2003) developed an effective thermal conductivity to 
take into account radiative, convective and conductive transport mechanisms within the powder bed. 
Arce (2012) validated this concept experimentally and determined an analytic model for effective 
conductivity within a Ti6Al4V powder bed. Mertens et al. (2014) performed a similar experiment and 
yielded a model for conductivity in SS316L powder beds. Since powder Al7075 conductivity data was 
not readily available, the same effective conductivity to solid conductivity ratio present in SS316L was 
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assumed to also exist in Al7075 powder beds. Mills (2002) also included density data for all three 
solid materials considered. This information is displayed in Figure 5. Density within the powder bed is 
known to be dependent on bed porosity.  Intuitively, this property is determined within the model by 
multiplying the solid density by the compliment of the bed porosity where porosity is a user input 
value expressing the ratio of voids in the powder bed to total powder bed volume. Mills (2002) and 
Touloukian and Buyco (1971) provide specific heat data for the solid materials used. Figure 6 displays 
the compiled specific heat information. Mills (2002) and Chahine (2011) published  mass specific 
enthalpy data for the solid materials used in this study. However, ANSYS requires volume specific 
enthalpies to perform calculations so the enthalpy values were converted to volume specific by using 
the density values previously presented in Figure 5. The volume specific enthalpy data used in this 
study can be seen in Figure 7.  Chahine (2011) proposed that specific heat, mass specific enthalpy, and 
latent heat can be taken as constant between solid and powder materials. Due to density discrepancy 
between solid and powder materials volume specific enthalpy is not held constant between solids and 
powders. Touloukian and DeWitt (1972) published radiative properties for various alloys. The solid 
emissivity values used in this study are shown in Figure 8.  Arce (2012) experimentally determined 
Powder Ti6Al4V emissivity values. Sih and Barlow (2004) developed a general powder bed 
emissivity model which was used to develop powder emissivity values for SS316L and Al7075. All 
powder properties are dependent on bed porosity and since only a powder bed porosity of 30% is 
examined in this study, only properties for this porosity are displayed.  Table 3 shows the absorptivity 
values used in the model which come from data published by Touloukian and DeWitt (1972). 
Additional information regarding properties of additively built Ti6Al4V can be found in works by 
Ladani (2014; 2015) and Roy (2013). 
 
Figure 4: Solid and powder material effective thermal conductivity Figure 5: Density of solid and liquid materials  
 
              Figure 6: Specific heat solid and liquid materials           Figure 7: Specific enthalpy solid and liquid materials  
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Figure 8: Total emissivity for solid and powder materials    Table 3: Thermal absorptivity values utilized within model 
4 Results 
Analyses were run using the process parameters outlined in Table 4 in order to compare the 
temperature distributions and melt/re-solidification regions in build volumes containing Ti6Al4V, 
Stainless Steel 316L, Al 7075.  
 
This study shows that striking differences exist in the temperature distributions from material to 
material.  Figure 9 shows the temperature distributions during the 0.3 porosity trials at the load step 
corresponding to 875 μs in the simulation. 
 
Figure 9: Ti6Al4V, SS316L and Al7075 temperature distributions 
Notice that the temperature scales are different on each of Figure 9 to best show the gradients 
existing in each run. This is to make the temperature profiles visible in each case. If a single 
temperature scale were adopted wide enough to show the temperature profile in the titanium trial, the 
temperature profiles in the steel and aluminum trials would not be well shown. Under the same 
process parameters, the titanium powder layer was able to reach a higher maximum temperature and 
Process Parameter  
Ambient Temperature 298 K 
Effective Beam Diameter 200 μm 
Penetration Depth 100 μm 
Beam Power 100 W 
Powder Bed Porosity 0.3 
Beam Scan Velocity 4 m/s 
Table 4: Original process parameters 
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maintain higher temperature for a longer section of the model.  Notice that the trail of elevated 
temperature in the titanium trial tapers at a slower rate and is present for a longer distance than that in 
the steel and aluminum trials.  These results conform with physical understanding of the problem since 
the effective thermal conductivity (Tolochko et al. 2003) of powder titanium is considerably lower 
than that of the solid titanium due to voids within the powder bed.  When the titanium is melted and 
solidified, heat is much more efficiently conducted and heat from the melt pool is sucked back along 
the solidified region.  While this phenomenon is present in all other trials performed, the temperature 
profiles in steel and aluminum do not exhibit the same tail seen in titanium because the melting 
temperature is not reached in the aluminum and steel trials. This means there is no preferential heat 
dissipation to elements that have already been scanned by the laser, since the conductivity of those 
elements would only change if phase change occurred. 
This study held all process parameters, including beam power, constant to see only the effect of 
changing powder material.  If actual builds were to be modeled, the process parameters must be 
optimized for each material used.  Titanium reaches a higher temperature than steel does due to a 
combination of having a higher absorptivity and lower thermal conductivity.  The higher absorptivity 
means that heat is more effectively transferred from the beam into the powder. The low conductivity 
of the titanium means that once this heat is transferred to the powder, it cannot be dissipated 
throughout the build volume as effectively, and temperature must rise as a result. The larger 
temperature profile, and higher maximum temperature of the steel compared to aluminum also follows 
from differences in thermophysical properties between the two materials.  The steel has both higher 
thermal absorptivity and conductivity.  This means that the steel is better able to absorb energy from 
the beam, resulting in higher temperature, and can better dissipate the heat it receives resulting in a 
more uniform temperature profile. 
Holding all build parameters constant, the melt pool characteristics are also drastically different 
between materials. Figure 10 shows the melt pool and solidified regions at the end of the simulation, 
corresponding to 1250 μs simulation time.  To best represent the phase change occurring within the 
model, only the powder layers from each trial are shown. 
 
 
Figure 10: Ti6Al4V, SS316L and Al7075 melt and solidified regions  
In these figures the red region represents the area that remained in powder form for the duration of 
the simulation.  The orange region shows areas that were melted and subsequently solidified. The cyan 
region is the area that remained molten at the conclusion of the simulation.  
Figure 10 shows that the process parameters defined in Table 4 are adequate to cause powder 
melting over the entire scan path of the beam.  As the beam moves along the part, the melt pool 
transcends deeper into the part, as expressed by the orange section on the top face in Figure 10, and 
also becomes wider in the xy plane.  This widening is shown in the front face of Figure 10.  The 
widening and deepening of the melt pool also conforms to physical intuition since heat transferring 
forward of the beam as its scans accumulates throughout the simulation, favoring increased 
temperature. Furthermore, the thermal gradients existing within the powder bed favor heat transfer 
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ahead of the beam where the bulk temperature is lower.  This phenomenon is exactly why the steel is 
able to reach the melting temperature at the end of the simulation.  Figure 10 shows that the aluminum 
was able to reach its melting temperature sooner than the steel, but could not hold a consistent melt 
until reaching the end of the simulation.  This is due in part to the fact that the conductivities of the 
molten and solid aluminum are quite high.  Thermal energy that sustains the melt pool in the titanium 
and steel trials is much more rapidly dissipated in the case of aluminum.   This is further seen in the 
fact that at the end of the simulation there is no residual melt pool existing, contrary to the titanium 
and steel simulations. 
Due to the sparse melt pools developed in the SS316L and Al7075 melt pools, additional trails 
were conducted to investigate what process parameter changes would be required to develop more 
continuous melt pools as exhibited in Ti6Al4V.  After running the model in SS and Al making 
adjustments to scan speed and beam power, both separately and combined, the parameter sets seen in 
Table 5 were determined to be sufficient for continuous melting. Figure 11 shows the temperature 
distributions and melt pool geometries for the optimum steel and aluminum parameter sets. 
 
 
 
Figure 11: Optimized Al7075 and SS316L parameter set temperature distributions 
 
Figure 12: Optimized Al7075 and SS31L parameter set melt pool geometry 
Process Parameter SS316L Al7075 
Ambient Temperature 298 K 298 K 
Effective Beam Diameter 200 μm 200 μm 
Penetration Depth 100 μm 100 μm 
Beam Power 150 W 200 W 
Powder Bed Porosity 0.3 0.3 
Beam Scan Velocity 4 m/s 2 m/s 
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At initial glance between Figures 10 and 11, the relative temperature profiles do not change in 
shape between the original parameter set and the new parameter sets.  The real difference between the 
two trials is the scaling of the contours.  As can be expected, the new trials, having higher beam power 
and lower scan speed (in the case of aluminum) resulted in higher temperatures throughout the 
effective region of the laser.  The elevated temperature profiles result in increased melt pool length, 
width, and depth.  Additionally, the melt pools now exist for the entire scan length as evidenced by 
Figure 12.  Due to the high reflectivity of aluminum, increased beam power was necessary to increase 
the power experienced by the powder bed and therefore raise the temperature surrounding the beam 
spot to above the liquidus temperature of aluminum.  Since the absorptivity or steel is also less than 
titanium, it was intuitive to also increase the beam power in the new steel trial to increase the melting 
temperature.  By increasing the beam power instead of decreasing scan speed, the relative quickness of 
the entire build process is preserved.  This is important to maintain the rapid prototyping and rapid 
machining capabilities that make additive processes so in demand.  After an initial run of just altering 
the beam power from 100 W to 200 W in aluminum, it was observed that melt pool formation was still 
discontinuous, similar to the geometry seen in Figure 10.  To rectify this problem, the scan speed was 
additionally reduced to combat heat conducting away from the beam spot.  This additional change 
allowed the melt pool to form continuously along the laser scan line for the entire duration of the 
simulation.   
Utilizing the final parameter sets Figures 13-15 was constructed to show the melt pool length 
width and depth in the three materials.  All temperature measurements were taken at a simulation time 
of 875 μs.  The melt pool length is the measure of the molten region existing at this point in simulation 
time along the laser line of action.  The melt pool width is the measure across the molten region in the 
build plane.  The left chart in Figure 14 shows only half the width of the melt pool due to the 
symmetry condition existing along the laser line of action.  The melt pool depth shows the penetration 
of the molten region under the beam spot.  These measurements are additionally displayed in Table 6 
below. From this data it can be seen that the enhanced steel parameter set developed the largest melt 
pools in each of the three measured directions.  The aluminum trial had the smallest melt pools, even 
though it had the most laser exposure.  From these results it becomes apparent that building aluminum 
powders additively is a daunting task.  The aluminum melt pool did not fully penetrate the 100 μm 
thick powder layer.  Because of the difficulty of thermal development in aluminum the smallest 
possible powder layer thicknesses should be used to ensure layer to layer adhesion and full  part 
density.   
 
Figure 13: Melt pool length along beam line of action at 875 μs 
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Figure 14: Half melt pool width in at 875 μs   Figure 15: Melt pool depth at 875 μs 
 
5 Conclusions 
The modeling conducted in this research was able to show differences existing within the 
temperature distributions and melt pools of DMLS powder beds containing titanium, stainless steel, 
and aluminum powders.  This research showed that more energy is needed to maintain melting in steel 
and aluminum powder beds than is required for titanium.  This can be achieved by both increasing the 
beam power and reducing the beam scan speed. Further, this research underlines the difficulties with 
utilizing powder bed processes to consolidate aluminum powder.  Due to both the low absorptivity of 
the powder and the high conductivity of the solid it is quite challenging to initiate and maintain 
melting within aluminum powders even though the melting temperature of Al 7075 is the lowest of the 
three materials considered.  The titanium trial in particular does a good job of representing how the 
melt pool develops as build time progresses. There is a startup region at the beginning of the 
simulation that results in shallower and narrower melting of the titanium powder.  This is something 
that must be considered in actual builds to ensure proper dimensional precision of built parts. From 
conducting further trials it was shown that solely increasing beam power in steel powder beds was 
sufficient to sustain a full melt pool.  To sustain a full melt pool in aluminum, the beam power must be 
increased and scan speed must be decreased.     
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